Over the years, advances in immunohistochemistry techniques have been a critical step in detecting and mapping neuromodulatory substances in the central nervous 
| INTRODUCTION
New methods of "clearing samples" have emerged recently to avoid such phenomenon, particularly light scattering. 4 Approaches were also developed to achieve transparency of intact tissues by refractive index homogenisation. 4 In conjunction with ultramicroscopy, these techniques allowed successful three-dimensional (3D)
visualisation. [5] [6] [7] Subsequently, several chemical improvements of the technique "solvent based clearing" and the development of various protocols termed BABB, 3DISCO, iDISCO, iDISCO+ or uDISCO 5, [8] [9] [10] [11] [12] [13] have been carried out on various tissues. They have provided high-resolution imaging data, which allowed the visualisation of neuroanatomical and neurotransmitter pathways in the brain, trigeminal ganglion or spinal cord of mouse, rat, zebrafish, nonhuman primates or human tissues. 10, 11, [13] [14] [15] [16] [17] Because extensive studies have been carried out on the distribution of tyrosine hydroxylase (TH), oxytocin (OXT) and arginine vasopressin (AVP) neurones in the rat brain, we have used these neurotransmitter substances to validate the iDISCO+ technique with respect to the mouse brain. We also extended our approach to the generation of 3D maps for these neurotransmitters in the 5-day postnatal (P5) mouse brain by combining whole-mount immunostaining with the iDISCO+ clearing technique and high-resolution ultramicroscopic imaging.
These combined methods also permitted a semi-automatic quantitative analysis of the number and volume of specific neuronal AVP and OXT populations in the 3D paraventricular nucleus (PVN).
| MATERIALS AND METHODS

| Animals
Four wild-type adult pregnant female C57BL/6 mice (40 g; Janvier
Labs, Le Genest-Saint-Isle, France) were maintained under a 14:10 hours light/dark cycle at 22 ± 1°C and 60 ± 10% relative humidity, with access to food and water available ad lib. 
| Sample preparations
Twenty-five male and female P5 mice from multiple litters were anaesthetised with a mixture of ketamine 1000 U (80 mg kg -1 body weight) and xylazine (8 mg kg -1 bodyweight; Virbac, Carros, France) injected i.p., and brains fixed with an intracardiac perfusion of 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains were carefully dissected, post-fixed overnight at 4°C in the same fixative, and randomly assigned to be immunostained for TH, AVP and OXT.
| Brain pretreatment with methanol for TH and OXT immunostaining
Fixed P5 brains were washed in PBS for 1 hour twice, then in 50% Brains were rehydrated in 100% methanol, 80% methanol, 50% methanol, and PBS, allowing 90 minutes for each step before the staining procedures.
| Brain pretreatment without methanol for AVP immunostaining
Fixed brains were washed twice each time in PBS for 1 hour and then used for staining procedures.
| Whole mount staining for TH, OXT and AVP
Pretreated brains were incubated for blocking and permeabilisation in PBSG-T (PBS, 0.2% gelatin and 0.5%Triton-X100) containing thimero- 
| Image processing, cell counting and neuronal cell volume determination
Images of the CNS were constructed from a Z-series of ultramicroscope fluorescence images using imaris, version 8.3.0_64 (http:// bitplane.com). Option software tools in imaris were used for 3D reconstruction and segmentation from a juxtaposition of serial two-dimensional images of the region of interest according to the mouse brain atlas of Franklin and Paxinos. 18 False colours were given to these brain areas with imaris. High-quality 3D images were selected for neuronal cell quantification and cell volume analysis in the PVN.
Cell counting was conducted for three animals per condition in the magnocellular, medial parvocellular and ventral parvocellular subdivisions of the PVN. Each PVN subdivision was identified by its anatomical localisation.
For accurate AVP and OXT expressing cell automatic counting, imaris parameters such as the minimum diameter of the cells (12.0 μm for AVP neurones; 6.5 μm for OXT neurones), as well as the threshold of the fluorescence, were set. After confirming that all nerve cells were detected, possible false positive cells were discarded to ensure that each cell was outlined properly.
For cell volume measurements, the quantification was made in the magnocellular subdivision of the PVN. Briefly, following the elimination of the background (surface grain size: 2.50 μm; diameter of largest sphere: 4.88 μm), the fluorescence thresholding and the minimum number of voxels ("number of voxels" above 1090 to AVP and 900 to OXT) were set, allowing false positives to be discarded and the volume (in μm
3
) of the selected neuronal cell bodies to be measured on both sides of the PVN.
3D pictures and tiff series were obtained using the optional «an-imation» tools. Movies were generated with fiji (NIH, Bethesda, MD, USA). Titles and transition additions were performed using movie maker (Microsoft Corp., Redmond, WA, USA).
| Statistical analysis
Data are expressed as the mean ± SEM and analysed with prism, version 7 (GraphPad, San Diego, CA, USA). The difference between AVP and OXT cell volumes was determined using the Mann-Whitney test and that for cell counting using an unpaired t test. P < .05 was considered statistically significant.
| RESULTS
| 3D mapping of TH neurones with the iDISCO+ technique in P5 mouse brain
TH immunostaining was first used to demonstrate the robustness of the iDISCO+ methodology by determining the various catecholaminergic structures and pathways present in the whole P5 postnatal mouse brain. In the present study, we delineated and tracked TH staining in 3D using the original nomenclature A1 to A16 of the various catecholamine-containing cell groups, as initially described by Anden et al. 19 and Hökfelt et al. 20 Following the whole mount labelling procedure with a highly specific anti-TH antibody and advanced image processing, a pronounced TH immunoreactivity corresponding to the A1-A16 cell groups was detected in a rostrocaudal localisation ( Figure 1A Regarding the adrenergic/noradrenergic neurones located in the pons (yellow, Figure 1B ) and in the medulla oblongata (pink), the A1-A6
groups of noradrenergic cell bodies were obsevred. More caudally, the two groups of adrenergic/noradrenergic cells were found in the nucleus the solitary tract (A2/C2) and in the ventral medulla/facial nucleus (A1/ C1) (Figure 2 ; see also Supporting information, Movie S2).
The ascending and descending catecholaminergic pathways innervating the various parts of the brain, particularly the hypothalamus, were visualised using the iDISCO+ technique ( Figure 2B ; see also Supporting information, Movie S2).
From optical coronal sections, imaris was able to reconstruct, in false colours, the 3D TH innervation in defined structures such as the catecholaminergic system in the hypothalamus ( Supporting information, Movie S1).
| 3D mapping of AVP and OXT immunoreactive neurones in P5 mouse hypothalamus
By contrast to the rat brain, particularly during the postnatal period, very few studies have investigated the distribution of both neuropeptides AVP and OXT in the mouse brain. Therefore, we used the potent iDISCO+ technique to obtain new information about the distribution of these neuropeptides in the P5 mouse hypothalamus.
AVP and OXT are known to be mainly expressed in magnocellular and parvocellular neurones in the PVN and in the supraoptic nucleus (SON), as well as in a number of scattered hypothalamic and contiguous regions so-called accessory nuclei. [21] [22] [23] [24] We confirmed, in P5 brain with the iDISCO+ clearing technique, the well-known distribution of AVP and OXT neurones as described in the adult hypothalamus, the presence of AVP neurones in the suprachiasmatic nucleus and both AVP and OXT immunostaining in accessory nuclei (Figures 4 and 5) . Bands of immunoreactive cells were also observed ventrally on both sides of the median eminence, extending far anterior through the medial tuberal nucleus to the retrochiasmatic area. These cells appeared to be more 
| DISCUSSION
The present study was carried out aiming to demonstrate the utility of the iDISCO+ novel clearing technology with respect to mapping phenotypically-identified neuronal cell bodies and pathways in nontransgenic postnatal mouse brain, in particular in the hypothalamus.
TH staining was first used to map catecholaminergic neuronal cells and nerve fibres, demonstrating that enzymes can be targeted using such techniques in mouse brain. Interestingly, the present study also demonstrates that this technique is not restricted to the detection of high molecular weight proteins because we were also able to map nine amino acids neuropeptides (AVP and OXT) with the iDISCO+ clearing technique described here.
Comparing the precision of the present data with other reports using clarity, it appears that the iDISCO+ approach provides new information on the 3D organisation of immunoreactive neuropeptide distribution and offers new possibilities for studying multiple cell populations without the necessity of using genetically modified animals expressing various fluorescent proteins. 10, 11, 25, 26 The 3DISCO technique, first described by Dodt et al., 6 has recently been extensively improved by means of various solvent solutions that increased the clearing process and decreased light scattering, which hampered the image quality. 8, 9, 25 Thus, in the present study, we were able to decrease the tissue shrinkage and obtain a better clearing of the brains by means of methanol treatment instead of tetrahydrofurane as used previously. Another limitation has been reported concerning the presence of more lipids in adult brains compared to young brains, which may hamper the immunostaining process of some antibodies.
10
Despite these few limitations, the methodology using light-sheet microscopy, as described in the present study, provides a high- The robustness of the technique was demonstrated in the present study when comparing the results obtained with the reference works related to the various types of catecholaminergic cell groups. 20, [27] [28] [29] [30] [31] Here, each of them (dopaminergic, noradrenergic and adrenergic cells) has been determined independently, and some of their ascending and descending pathways were followed by 3D imaging (Figures 2 and   3 ). Moreover, such catecholaminergic pathways are similar to what is known for the adult rat brain. 1, 20 Similarly, TH immunoreactive localisation such as that previously shown in the rat brain during ontogenesis was seen in the whole P5 mouse brain and especially in the hypothalamus.
31-36
In both the SON and PVN, especially in magnocellular cells, the main TH innervation was represented by noradrenergic pathways originating from the brainstem. was observed that dopaminergic neurones present in the adult arcuate nucleus had sizes similar to those found in fetuses, whereas those in the dorsal hypothalamus increased in size, forming ramified processes during ontogenesis. 31 Observations over the lifespan were not the aim The neurohormones AVP and OXT have been extensively studied by classical immunohistochemical methods, particularly in the rat hypothalamus 23, 24, 37, 38 where they are synthetised together with neurophysins in the PVN, SON and accessory nuclei. [22] [23] [24] 37, 39 Less data are available for mice, although this species is used increasingly frequently in neurobiology.
40-46
By means of the iDISCO+ approach, we confirmed the neuronal localisation of both peptides in the SON and PVN. Alhough it was previously shown that this technique allows the double-and triple-labelling of neuronal cells, 11,14-16 we did not conduct double staining of both peptides because primary antibodies were raised in the same species (rabbit). We also visualised the various accessory neurones previously identified in the rat anterior hypothalamus. Interestingly, these accessory neurones were more widespread at P5, in contrast to what has previously been reported in the adult rat hypothalamus. 23 Some of these neurones are probably still migrating during this postnatal period to reach their final location in the adult brain. Furthermore, as shown in Figure 5 (see also Supporting information, Movies S3 and S4), the distribution of AVP neurones at P5
is very similar to that described in the adult rat PVN 23 in contrast to
OXT neurones. 22 The OXT cell bodies, although more numerous in the PVN than AVP neurones at P5, were much smaller in volume than the AVP neurones. This could be linked to a delay in the maturation of the OXT system, as occurs in the rat brain, where AVP neurones have been reported to precede the development of OXT neurones that only become mature after birth. 21, 46, [49] [50] [51] Late maturation of OXT neurones in the mouse was also supported by a progressive maturation of morphological and electrophysiological properties of OXT neurones. 43 It was previously reported that neurophysin neurones showed dramatic changes in perikarial size during the mouse development in SON and PVN, with a plateau at P5 until P10, when a huge increase occured to reach adult values. 40 The late maturation of OXT vs AVP neurones was also supported by long neuritic processes that can be observed at P5 in the PVN for AVP, whereas only very small processes were noted for OXT neurones (Figure 6 D,H) . 
| CONCLUSIONS
The present study describes the potency of the improved clearing procedures coupled to novel image technologies with respect to better studying and anatomically visualising known or still unknown neurotransmitter substances involved in the brain and, more specifically in the present study, in hypothalamic neuroendocrine functions. This opens avenues for new research projects using various transgenic or wild-type mice, addressing important questions related to neuroanatomy and cerebral activity, such as migration, maturation processes and connectomic analysis. 52 The findings may be applied when investigating various physiological and pathological situations, including, for example, catecholamine deficiency, sexual differenciation, lactation or dehydration. Such an imaging approach will provide exciting new information on the 3D distribution, morphology and projections of phenotypically-identified cells and pathways for future neuroanatomical and immunohistological studies.
